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Low-temperature (4-55 K) pulsed EPR measurements were
performed with the magnetic field directed along the z-axis of
the g-factor of the low-symmetry octahedral complex [(3Cu(L-
aspartate),(H,0),] undergoing dynamic Jahn-Teller effect in
diaqua(L-aspartate)Zn(ll) hydrate single crystals. Spin—lattice re-
laxation time T, and phase memory time Ty were determined by
the electron spin echo (ESE) method. The relaxation rate 1/T; in-
creases strongly over 5 decades in the temperature range 4-55 K.
Various processes and mechanisms of T;-relaxation are discussed,
and it is shown that the relaxation is governed mainly by Raman re-
laxation processes with the Debye temperature ®p = 204 K, with a
detectable contribution from disorder in the doped Cu?* ions system
below 12 K. An analytical approximation of the transport integral
lg is given in temperature range T = 0.025-10 ®p and applied for
computer fitting procedures. Since the Jahn-Teller distorted con-
figurations differ strongly in energy (612 = 240 cm—1), there is no
influence of the classical vibronic dynamics mechanism on T;. De-
phasing of the ESE (phase relaxation) is governed by instantaneous
diffusion and spectral diffusion below 20 K with resulting rigid
lattice value 1/ T = 1.88 MHz. Above this temperature the re-
laxation rate 1/ Ty increases upon heating due to two mechanisms.
The first is the phonon-controlled excitation to the first excited vi-
bronic level of energy A = 243 cm™1, with subsequent tunneling to
the neighbor potential well. This vibronic-type dynamics also pro-
duces a temperature-dependent broadening of lines in the ESEEM
spectra. The second mechanism is produced by the spin-lattice re-
laxation. The increase in Ty, is described in terms of the spin packets
forming inhomogeneously broadened EPR lines.  © 2001 Academic Press
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I. INTRODUCTION

Electron spin relaxation consists of two processes. One is {
fast dephasing of the precessional motion of spins (describ\g
by the spin—spin relaxation tim&) or dephasing of the spin
packets (described by the phase memory fimg The other is
the slower process of recovery of the population of the Zeemal

levels to the Boltzmann equilibrium value after excitation (de-
scribed by the spin—lattice relaxation tirfig). In the majority
of casesT; is too short to be measured by pulsed EPR tech
niques.T; > Ty at low temperatures, and both and Ty, can
be measured by the electron spin echo (ESE) method.

Spin-lattice relaxation processes and mechanisms seem to
better understood than those producing dephasing, but nonr
solved theoretical and experimental problems still exist. Spin-
lattice relaxation theories suffer from crude approximations o
the spin—phonon coupling coefficiert«3), whereas the expe-
rimental problem is how to differentiate various contributions
to T; (4, 5 and even how to avoid artifacts in the determination
of T; from the relaxation curves( 6). Since theT;-magnitude
is not well reproduced by existing theories, the main sourc
of information is its temperature dependence. For paramagnet
ions diluted in ionic dielectric crystals the relaxation rafdil
increases several orders of magnitude upon heating from lic
uid helium temperature to room temperature and is governe
mainly by two-phonon Raman processes. In such a case, th
oretical calculations of the relaxation rate assume the Deby
model of lattice vibrations with a density of phonon states
p(w) o« w?, although it is well known that this model is far from
the real phonon spectra of even simple crystals. Some modif
cations have been proposed witfw) x P (p < 2) (7, 8) or by
making the Debye cutoff frequency less abru@t Eor a de-
scription of the temperature dependence £, Ifor the Raman
processes the transport integrals over a Debye phonon spe
trum must be calculated numericallfd). Recently we pro-
posed an analytical approximation of thetransport integral
for Kramers transitions, appropriate for Guions, and valid
for the temperature range = 0.055-2.50p (11), where®p

he Debye temperature. In this paper a better approximatiot
éich can be easily used in computer fitting procedures, is prc
posed and extended to the lower temparature range, valid fi
T = 0.025-100p.
nAdditional complications arise in Jahn—Teller active para-
magnetic centers where local vibronic dynamics influences di
rectly or indirectly the spin—lattice relaxation via various mech-
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amorphous, or polymeric systems the concept of phonons has
restricted validity, and the relaxation rate is weakly affected by
temperature and governed by local molecular dynanfids. (
The relaxation of free radicals produced by ionizing radiation in
molecular crystals can also be governed by local disorder and
molecular dynamicslf, 16, indicating that ordinary phonon
relaxation processes are not active.

Various spin—lattice relaxation processes and mechanisms are
shortly reviewed in this paper and applied to the analysis of
experimental data for low symmetry octahedrafCeomplexes
undergoing the pseudo-Jahn—Teller effect. We also identify the
influence of the nonuniform Ctidistribution on the relaxation
rate at low temperatures.

The electron spin relaxation times were determined using the
electron spin echo technique. The ESE signal can be generated
and ESE dephasing timiBy can be measured for inhomoge- FIG. 1. Projection of the structure of Znfaspartate)3H,O onto theac-
neously broadened EPR lines only. The existing theories of thigne. The locat, y, zaxes of the EPR-tensor are marked. &t ions substitute
ESE dephasing (phase relaxation) describe various mechanigmgr* ions, and the andy directions are Jahn-Teller active.
producing random changes in the precession phagelQ.

These theories were verified for simple model systems where

the decay of the ESE amplitude after excitation was weakly Gopper(ll) complexes with aspartic acid were studied in solutiol
not disturbed by the Larmor precession of the surrounding maagid in solids and characterized by structug®)( spectroscopic
netic nuclei. In most cases, however, the decay is complicai@®), and magneticZ2, 23 methods. The aspartate molecule is
by the strong modulations produced by a weak dipolar couplipgtentially a tridentate ligan®() and the metal complexes in
between unpaired electrons and the nuclei. The problems &g -aspartate)2H,0 (22) and in Zn(-aspartate)3H,O (24)
how to separate the decay and modulation functions and howhiave different structures. The &tion in the copper salt is five-
differentiate various types of theoretically predicted exponeneordinated in a distorted tetragonal pyramidal coordination. |
tial decays. For paramagnetic center concentration higher theas two water molecules, the terminal carboxylate oxygen of or
10'8 spin/cn? the phase relaxation is governed by the spectraspartate molecule, the residual carboxylate oxygen, and a nitr
and instantaneous diffusion within the unpaired electron systegen atom of the adjacent aspartate molecule asits nearestligan
For lower concentration the effects from the nuclear spectral difr the zinc compound, the Zhions are in a distorted octahedral
fusion and the temperature-dependent dephasing mechanisowrdination with aspartate ions as tridentate ligands and bond
can have dominant contributions. In this paper we identify the two water molecules and an oxygen of an other aspartate ic
contributions of the vibronic dynamics and spin-lattice relaxFig. 1). Recent EPR studie&4) have shown that Cti ions
ation to the temperature dependence of the dephasing/f&te 1 doped into Zn(-aspartate)3H,O crystals display a vibronic-
The vibronic dynamics effects are not detectable in the spitype behavior withg-factors and hyperfine splittings averaged
lattice relaxation of C#" in Zn(L-aspartate)3H,0 because of gradually on heating. In the temperature range 100-300 K, th
the relatively slow reorientations between strongly nonequiveehavior was described in terms of the pseudo-Jahn-Teller ¢
lent Jahn—Teller distorted configurations. In contrast to this, thect, assuming Boltzmann equilibrium between two Jahn—Telle
phase relaxation is sensitive to these reorientations becauseasffigurations of the octahedron distorted along the O-G®-H
very narrow spin packets forming EPR lines. It allows one toonds R4). In this simple modelZ5, 26 the minima in the adia-
determine the energy of excited vibronic levels from temperhatic potential surface are strongly nonequivalent with an energ
ture variations of 1 Ty. This is a very unique property of ESEdifferences,, = 240 cnt*. The third minimum, located at about
phase relaxation, and we will show that the vibronic dynami@stO cnt?, corresponds to a configuration elongated along thi
also influences the linewidth of the ESEEM spectrum lines. Thi3-Cu—N bond. This state is practically unpopulated below roor
ENDOR-type spectrum is obtained from the Fourier transfortemperature. A two-well model has been used to describe the \
of the ESE modulation function. bronic dynamics of octahedral Cu;(El)?r complexes in Tutton

Contribution from spin—lattice relaxation processes is geralt crystals25—-27. In Zn(L-aspartate)3H,O:Cl*t this model
erally underestimated in published papers, but we have shoiwwalid above 100 K, when the two lowest energy distorted con
previously 6, 20 and we will show here that this mechanisnfigurations are thermally populated. Below this temperature th
contributes to the dephasing rate at intermediate and high te@w?* complexes undergo relatively slow reorientations betwee
peratures. these two configurations. This slow reorientations produce

Aspartic acid COOHCKLCHNH,COOH salts are interest- however, the well-measured effects in the electron spin pha:
ing as model systems to study metal—protein interactigfps ( relaxation.
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I1. EXPERIMENTAL 107
Bp—
. 25K
Zn(L-aspartate)3H,O was obtained from a hot water solu- 106} T,=20pus

tion (100 C) of stoichiometric quantities afaspartic acid and
zinc carbonate hydroxide. Large rod-shaped single crystals were
grown from saturated solution at8D. They belong to the space
group P22;2; (Z = 4) (24), are elongated along the [010] di-
rection, and have well-develop¢tl1 0} faces. The crystals were
doped with a 0.1% Cu/Zn ratio by adding copper(ll) nitrate tri-
hydrate enriched with 99%°Cu to the mother solution. The
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concentration of copper ions in the crystal was evaluated by 102}  finear
EPR to be 7 10 spin/cn?. g
Pulsed EPR experiments were performed using a Bruker 10!

10 100
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ESP380E FT/CW spectrometer equipped with an Oxford CF935

flow helium cryostat. Electron spin relaxation times were deter-

mined from measurements of a single crystal with the mag+iG. 3. Log-log plot of the temperature dependence of the spin-lattice

netic field along the molecularaxis (g-tensorz-axis) of one relaxation rate measured with magnetic fi@itlg;. The solid line is the best

of the four magnetically nonequivalent Busites in the crystal fit assuming linear and two-phonon Raman relaxation processes (Eqg. [5]) a

unit cell (See Fig 1) The EPR spectrum recorded by the fie 2scribed in the text. The dashed line is the best fit with Eq. [6] describing the
t elect e h thod al this directi t 10 bach—Aminov-type relaxation processes via two excited vibronic states. The

.SW€p € e_c “?” spin (_ac 0 me .O along tis direction a ~inset shows the recovery of magnetization at 25 K.

is shown in Fig. 2. This absorption-type EPR spectrum consists

of four hyperfine quartets (I-1V) from the four nonequivalent

CU?* sites. The lines corresponding to sites Il and IV are split, . . . .
into1:1: 1triplets due to the hyperfine interaction with tH&l nized by the vanishing of the ESE signal, was achieved with 2

nucleus of the aspartate ligand. In the pulsed EPR experimefifsns Pulse (41.7 MHz= 14.9 G spectral width). The magneti-
reported here the low-field hyperfine line of site | (marked bglatlon recovery was single exponential (see insetin Fig. 3) in the

arrow in Fig. 2) was excited by microwave pulses. Thus, On}Q//hole tempe_rature range and was monitored with a two- pulse
1/16 of the total amount of G4 ions were excited. The ex- 1ahn ESE signal generated by two 16-ns pulses separated by

periments were performed in the temperature range 4-55 Ji8-ns time interval.

since the electron spin echo signal was nondetectable at higheThe phase memory tinigy, describing the phase relaxation
temperatures. of the precessing spin packets, was determined from the deca

The electron spin-lattice relaxation tirfie was determined ©f the ESE amplitude using two 16-ns pulses for the ESE gen

by the saturation recovery method. The full saturation, reco?r—ation' The decay was strongly modulated by the weak dipola
oupling with surrounding magnetic nuclei. Thus, the observed

ESE amplitude decay was described\b{2r) = Viecay: Vinod:
| 10K wherer is the interpulse interval. To single out these two contri-
' I 9797 GHz butions is not trivial and is based on computer simulations using
existing theories of phase relaxation.
We have found weak effects from instantaneous diffusion in-
dicating that the concentration of the®ons is not low enough
to avoid dipolar Cu—Cu interactions.

I11. ELECTRON SPIN-LATTICE RELAXATION

1. Theoretical Temperature Dependence
of the Relaxation Rate in Solids

The primary mechanism of the spin—lattice relaxation of non-
. ! . . | interacting paramagnetic centers is a phonon modulation of the
280 300 320 340 electric crystal field that influences the spin orientation via the
Magnetic field - mT spin—orbit coupling. This mechanism can act via various acous:
. . . tic phonon processes usually involving the direct one-phonor

FIG. 2. Field-swept ESE spectrum along theaxis at 10 K. -1V indicate o .
the hyperfine quartets of the four magnetically nonequivalent copper(ll) sitedHOCESS, two-phonon Raman processes, or excitations to higf

the unit cell. The arrow marks the line for which the pulsed EPR experimer@1€rQy orbital levels (Orbach—Aminov process). They are de-
were performed. scribed in Konhig—Van Vleck theory 1-3), which for Ci#+




SPIN RELAXATION OF Cu(ll) IN Zn(-ASPARTATE)- 3H,0 95

(Kramers ion) gives dipolar coupling between two different types of paramagneti
centers 82).

1 9 (©p 3 Aorb In disordered, amorphous, or glassy solids, or in biologica

T AdirT + AramT I8<T> + AomactA exp(— KT ) materials, the concept of phonons is limited, and the spin—lattic

relaxation is governed mainly by modulation of the hyperfine
coupling by tunneling two-level systems (TLS), by a cross-

. . . , relaxation between isolated ions and exchange-coupled pa
The linear term dominates below the liquid hel|umtemperaturﬁ‘,jwing singlet—triplet gap\st, or by exchange coupling be-

9 .
The Ramgn termT(" temperature dependence modified by thgeen the pairs of ions. These mechanisms lead to a temperatt
transport integralg(®p/ T) taken over the Debye-type phonorhependence described by the equation

spectrum up to the Debye temperat@g) dominates at higher

[1]

temperatures in ionic and molecular crystals. The exponential Xmax
term is '_[he contr_ibution of the Orbach—Aminov process, pro- 1 — Ars iz / . dX + ArossAsT coseci( Ast )
duced via an orbital level of energy,,. The A-coefficients in T 0} sinhx kT
Eqg. [1] depend on details of the electron—phonon coupling. min
Besides the above-described classical spin—lattice relaxation AsT -1
processes, one may consider the following contributiong Te:1 + Apaif[ exp(W + 1)} [3]
1 A Aph . . . .
— = Agc cosecr<—) + Agpt cosecﬁ(—) The firstterm describes relaxation of a spin coupled to the neart
T kT KT TLS with the integration over the TLS energy distribution from
2 2t Xmin = Emin/KT t0 Xmax= Emax/KT (14, 33-35. The second
+ Aot T° + A‘“”’“(Twzfcz)‘ 2] term describes the cross-relaxation between single ions and ¢

change coupled paird 4, 39 (seeA. in Eq. [2] for a compar-
The term cosecl) = 2/(e* — &), with (x = A;/kT), de- ison) and_ the Ia§t term describes the rfalaxation of t.he pajrs (
scribes the contribution from a local vibration mode (Murphy'd4, 39. Since ¥sin hx) = cosechx) the first two contributions
mechanism) and can be understood as a phonon absorption ®thibit similar temperature dependence but for the TLS meck
excitation of a local vibration and electron spin flip. It is de@nism the frequency dependence is characteristic. In limitin
scribed in terms of a double-well oscillator with being the tun-  €aSes of low and high temperatures both contributions can |
neling splitting that determines the tunneling frequency betwe@RProximated by thaT? andbT terms, respectively. Thus, at
the two wells £8). This term is practically linear (IT; o« T) for low temperatures (bglow about 8 K) th_e relaxation rate exhibit
KT > A;. Some authors29) use the expressioe/(e* — 1)?] T2 dependence, which chgnges to linear temperature ere
instead of cosech] in Eqg. [2] as a low-temperature approxi-dence as the temperature increases and to an exppn_ennal-t)
mation. Murphy’s mechanisn28) often dominates in organic relaxation at higher temperatures (above 40 K). A similar tem
materials where it is related to a local vibration mode, methg)prature behavior is expected in doped or irradiated crystals wi
group tunneling rotation, or torsional oscillations of molecularongly inhomogeneous distribution of paramagnetic centers
groups (5). when the doping IeveI. is larger than 1% 5. .

Most relaxation mechanisms assume that the long-waveFor Jahn-Teller active paramagnetic centers, III_(%*(hmm-
acoustic phonons play a dominant role in modulating the crys@ifXes, the reorientations between Jahn-Teller distorted con
field. However, at high temperatures the optical phonons, h&Krations (interconversions of the elongation axis between tt
ing high density of states, can give an important contribution tBree directions in octahedral coordination) give rise to a mect
1/ T1. A contribution from optical phonons can be expected alg8lism of spin-lattice relaxation. The reorientations can moc
in organic crystals, where often the optical mode energy can ¥@te anisotropic spin interactions, ligefactor and/or hyperfine
the same magnitude as the Debye energy. The term proportigHFotropy, producing spin flips. In such a case the spin-lattic
to cosech(x) in Eq. [2] describes the relaxation through an oglaxation time is much longer (about two orders of magnitud
tical phonon of energy i, (30). The quadratic term in Eq. [2] for CU?* ions) than the correlation time of the reorientations
describes thbottlenecleffect resulting from the overheating of2nd, moreover, a strong angular variatiorTefs predicted with
the phonon mode at low temperatur&4)( The last term con- €mperature dependencks( 39,
siders the contribution from any dynamical process produced by 1 ®p ®p
random molecular and spin dynamics, having exponential corre- T = AT + BJTT3I2<?> + CJTT5|4<?>
lation function characterized by the correlation tirpef the pro- 1
cess. In particular, this process can be thermally activated with Avibronic
7c given by the Arrhenius equation = 1o exp(Ea/RT). This + DJTEXp<_ KT > [4]
term is analogous to the dipolar nuclear spin—lattice relaxation
in NMR and describes also the electron spin cross-relaxation waere the coefficientg:~D depend on the reorientation time
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7. The meanings of the terms in Eq. [4] are as follows. At lounental data by the equations, and any fit must be supported b
temperatures, in the static Jahn-Teller limit, the reorientatiopkysical arguments or other pieces of information.
can appear via tunneling between the ground states when th€w-EPR data on Zm(aspartate)3H,0:CU*+ (24) have
potential wells are equivalent. This mechanism is described psoved that the dynamical pseudo-Jahn-Teller effect operate
linear andT 3 terms in Eq. [4] withA;r and Byt dependent on in the low-symmetry octahedral [Quéspartate)H,0),] com-
|3 |2, where 3 is the tunneling splitting of the ground vibronicplexes. Thus, we have analyzed whether our experimental dat
state. At higher temperatures the dynamic Jahn—Teller effeen be fit with Eq. [4]. The results were very unsatisfactory and
becomes effective with reorientations produced by two mectthe observed increase of T, from 5x 10t s to 4x 10° s~tin
nisms (2): (a) phonon-assisted tunneling via a virtual phonothe temperature range 4-55 K was too large to be described cor
state of energyi,, the energy difference between two potensidering only the reorientation mechanism. This is not surpris-
tial wells. This mechanism leads to the linear ahtlterms ing because the vibronic dynamics ofus rather slow in this
in Eq. [4] with Ajr and C;r coefficients depending ofy,; temperature range, as indicated by a relatively small onset of th
(b) phonon-controlled tunneling via an excited vibronic statébronic averaging of thg-factors at low temperatures (Fig. 8
of energyAvibronic. This mechanism is described by the expoef Ref. (24)). Moreover, the energy differendg, = 240 cnt?
nentialterminthe Eq. [4]. The exponential term describes simidetween the two lowest Jahn—Teller distorted configurations is
taneously the Orbach—Aminov-type relaxation processes vialarge. At temperatures below 55 K, where the relaxation mea-
excited vibronic state of energivinronic. SUch a process is al- surements were performed, all €ucomplexes are practically
lowed due to mixing of the electronic and nuclear wavefunctiohscalized in the deepest potential well, i.e., are elongated along
in the vibronic state and is not allowed for pure vibrational lewhe H,O—-Cu—Q direction (see Fig. 1).
els. The phonon-controlled and the Orbach—Aminov processesince the EPR spectra do not show any disorder in the crysta
produce similar temperature dependence LF;1but differ in  and the magnetization recovery after pulse excitation is single
the Dyt coefficient value. For the first process thgr is of the exponential in the whole temperature range (see inset in Fig. 3)
order of the tunneling frequency AL’ s%), whereas for the there is no reason to expect relaxation via TLS-type systems
second procesB;r is of the order of the vibronic frequencyThere are no EPR-detectable strongly coupled Cu—Cu pairs it
(102-103 s, the studied crystal. However, a weakly coupled pair may ex-
The vibronic energyA.ipronic iS about 100-300 cnt, and ist, as suggested by the instantaneous diffusion effects. Suc
we found that such exponential type of spin—lattice relaxatigrairs will produce the&T-type temperature dependence above
dominates for C# in SrF, crystals 89). 8 K (see the discussion of Eq. [3]). Beside the reorientation
Beside the modulation mechanisms described above, thefeH,O molecules, there are no other local oscillators in the
also exists also a direct coupling via phonons between stateZofL-aspartate)3H,O crystal, and the only thermally activated
opposite spin in different Jahn—Teller distorted configurationgtocesses are the Jahn—Teller reorientations. Moreover, an e
as a consequence of the spin—orbit coupling. In this mechanifeut from optical phonons is not expected at low temperatures
the reorientation rate/t, and the relaxation rate/T; are iden- and the low-temperature bottleneck effe€f{dependence) is
tical, and in the case of the spin—orbit phonon-induced tunnelingt observed. Thus, we can assume that our experimental da
process the relaxation is described by the linear Bhderms can be described by Knig-Van Vieck theory (Eq. [1]) with
in EqQ. [4] but with A;r and C;7 coefficients depending on thea contribution from exchange coupled pairs and with possible
spin—orbit coupling constani|?, as was found for paramag-multiexponential contributions from thB;r terms of Eq. [4]
netic centers in diamondl(). The relationship betweeh and since the single exponential function does not fit the tempera
the reorientation rate was studied theoretically also for spitkre data.
orbittunneling phonon-controlled processesinthe case of strondn order to be able to fit the data with Eq. [1] we ob-
nonequivalence of the potential well&lj. A characteristic fea- tained an analytical approximation of the transport integral
ture of the spin—orbit-driven mechanisms is the independence gf%2) = /5" (gjf;z dzfor ®p/T = 0.1-40.0 using numeri-
the direct relaxation process (linear term) on the magnetic figtdl data given in Ref1(). This integral can be approximated by
and the very broad temperature range where this linear term @apolynomial function of In@p/T) for ©p/T = 0.1-15.0 and
dominate 42). by an exponential function fa®p/ T = 15.0-40.0 as shown in
Table 1.
The best fit of the data was obtained considering the lineal
and Raman terms:
Equations [1-4] indicate that identification of the relaxation
mechanism from the observed temperature variatiof, afan i —aT+ ARang|8<@>~ [5]
not be unique. Figure 3 shows that the dependencg Bf with Ty T
T for Zn(L-aspartate)3H,O:Cl** is monotonic in the whole
temperature range. Thus, the large number of possible proce§esfit givesa = 9 K1 s, Agam=1.0x 10?K~°s71, and
and mechanisms does not allow unique fitting of the expef®p = 204 K and is shown by the solid line in Fig. 3. Taand

2. Experimental Temperature Variations of T
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TABLE |
Analytical Approximation of the Transport Integral Ig(x) = fox (gj; dzwith
X = Op /T in the range x = 0.1-40.0

Rangex = 0.1-15.0
Ig = exp{Ag + ArInx 4+ Ax(In )2 + Az(Inx)3 + - - - 4+ Ag(In x)®}
Ag = —2.00976, A; = 6.87231, A, = —0.12936, A3 = —0.0788, A, = —0.03222,
As = —0.01593, Ag = —0.00549, A; = 9.85532. 104, Ag = 6.21152-10~4, Ag = —1.857-107°

Rangex = 15.0-40.0
ls = Yo + a1 exp[—(X — Xo)/t1]
Yo = 4048652036, o = 15, a1 = —153432091, t; = 1.79496

AramValues are typical for Gd complexes. The relatively good IV. ELECTRON PHASE RELAXATION
fitwas obtained also with two exponential functions (dashed line . .
in Fig. 3) 1. Phase Relaxation Mechanisms: Decay

of the ESE Amplitude

1 —aT+D; exp(—ﬂ) + D, exp<—£>, [6] Dephasing of the precessio_n motion of spins is opserved as
T kT KT decayV (2r) of the electron spin-echo amplitude, which can be

described by the exponential function
with a=10 K1 sl D;=7x10" s1, D,=15x 10’ s1,

and vibronic level energiea; =117 cnt! =168 K andA, = V(21) = Voexp=me¥), [7]
236 cnt! =340 K. The value of the coefficient®; suggests
phonon-controlled tunneling between potential wells. with k = 0.5-3, and then-coefficient depends on the relaxation

The Raman process gives a reasonable value of the Debygchanism17). The decay function in Eq. [7] can be described
temperature®p = 204 K. The relaxation via the excited vi-by a characteristic tim&y, called the phase memory time. For
bronic levels gives reasonabfevalues, with the ratica,/A; ~  the single exponential functiok & 1) one can writeV/ (27) =
2 expected from a harmonic oscillator approximation whevb exp(—2t/Ty), whereas fok # 1 we can define
vibronic complexes are localized in the deepest potential
well. There are arguments, however, to eliminate the sec- T — (1)1/'( (8]
ond interpretation and favor the Raman-type relaxation. As M~ \m '
812=240cnT!>» A; =117 cn1l, the phonon-controlled tun-
neling via the first excited vibronic state suggested by the valliepulsed EPR studies of paramagnetic ion complexes, becau
of the D, coefficient is not possible. the pulse excitation band is much narrower than the EPR spe

The second argument results from the phase relaxation sttigm width, microwave pulses can excite only a part of the ions
ies, which give theA;-value, as is described in the next sech two-pulse EPR experiments, a second pulse refocuses t
tion. Moreover, we have found in comparative relaxation stug@recession of the excited spins (spins A). Thus, only spins 4
ies of the C&" and Mr¢+ (non-Jahn—Teller ion) in Tutton saltscontribute to the ESE signal amplitude; nonexcited spins B d
having very similar adiabatic potential surface to that in.zZn( not contribute, but can produce the dephasing of spins A. Thi
aspartate)3H,O that the Raman processes govern the relafiephasing (phase relaxation) may be a consequence of: (i) a c
ation for both ions with the same relaxation paramet&js (crease of the number of spins A, as a result of the electron sp
Thus, we conclude that the vibronic dynamics does not co#iffusion converting spins A into spins B or/and spin—lattice re-
tribute significantly to the spin—lattice relaxation of the?€in laxation processes; (i) spectral diffusion and/or instantaneot
Zn(L-aspartate)3H,0. diffusion due to random fluctuations of the phase of the pre

The existence of the lineaT-term in the interpretation of cession produced by fluctuating local magnetic field. The tote
the experimental data needs some comments. This term d@egay function is the product of the independent relaxation prc
not describe the direct one-phonon relaxation process sinceCgSSEes,
influence is observed up to 12 K (see Fig. 3), whereas the direct
process can dominate below 4 K. Because instantaneous diffu- V(2r) = Vsp - Vip - Vo, [9]
sion effects are observed, as will be discussed below, we can
identify the linear term as due to the relaxation of Cu—Cu paivghere the first two processes depend on the unpaired electr
(see Eq. [3]). The pairs can appear in the crystal as a resultcohcentration and describe the effect of spectral diffusion withi
a nonuniform distribution of the doped &uions because of a an electron spin systenVép) and the effect of the instanta-
relatively high Cé+ concentration (higher than ion/cn?).  neous diffusion Yip) produced by the refocusing pulse. The



98 HOFFMANN ET AL.

last factor,Vy, considers concentration-independent contribu-
tions, dominating when interactions between unpaired electrons 5x10°[
are negligible and
4x10°} y

Vo = VnsD - Vimotion * Vspin—|attice' [10]

Y

ax108} .

1T (s

When the effects o¥/sp andVp are negligible, the role of spins
B is played by the nuclear spins, and the phase relaxation at rigid ox108f
lattice limit is governed by nuclear spectral diffusion,

1x108F K
Visp = Vo exp(-mz*), [11]
0 vibronic

1 T 1 1 1

where (L8) 0 10 20 30 40 50 60
Temperature - K

0
TM

3/4
Ko
m= 27TWnCn<4_3rnVn]/eh> . FIG. 5. Temperature dependence of the phase relaxation yatg.1The
T solid line through the experimental points is the best fit calculated with Eq. [14].
. . . The three contributions to the total rate are shown separaté'\ﬁaﬂgid lattice
m Eq. [11]:VV_n IS th_e nuclear ﬂ|p—ﬂ0p_ rate due to 'nte_mUdea’l?alue;Tl, spin-lattice relaxation contribution, and vibronic phonon-controlled
dipolar coupling,c, is the concentration of the nuclei, ang tunneling through vibronic level of energy = 243 cnt 2.
is an average internuclear distance. The theory predicts that the
indexk depends on the interpulse distancek = 7/4 for longt o . _
andk = 3for shortr. In practicek = 2 is observed|(7, 1§. The 2-1. Rigid Lattice Dephasing Rate

phase memory rate/ Ty due to the nuclear spectral diffusionis  gejow 20 K the dephasing rate is temperature independen
temperature independent and is determined by distribution of (g, 1/ Tl\(/I) = 1.88 MHz and the decay function of the exlfz )-
magnetic nuclei in the crystal. This gives the rigid lattice limifype For nuclear spectral diffusion of protons the decay function
valueTy that, as arule, is Ionge_r than Qu& for proton NSD in of exp(~bz?)-type is expected and the dephasing rate due to
molecular crystals and can be influenced by molecular motigfis mechanism can be evaluated from Eq. [11] taking=
(Vmotion) and by spin—lattice relaxation procességtatice) 8t 5.2 x 1028 m~2 (for 44 protons in the unit cell with volume

higher temperatured.6). 84197 x 103° m3 (24)), and proton—proton flip—flop ratd®)
2. Experimental Ty, Values and Temperature Variations 10\ 2h
Y iU A1 R S s1
The observed decay of the ESE amplitude fofCim Zn(L- nT <4n) 10 Cn = 3925s™. [12]

aspartate)3H,O (shown forT = 10 K in Fig. 4) is single
exponentiaV (2t) = Vg exp(—21/_TM) in the whole tempera- For k = 2, Eq. [11] gives a dephasing rat¢ I (NSD) =
ture range. The temperature variation of the phase relaxat@m4 MHz. Thus, the NSD gives a negligible contribution to the

rate Y Ty is shown in Fig. 5. total rate. Another temperature-independent contribution can b
expected from the electron spectral diffusion and instantaneou
diffusion.

10K N H-20, Spectral diffusion (SD) arises from dipolar coupling between
s Tm=530ns 5 nonexcited spins B which produce dephasing of the excitec
© o spins A. A random distribution or spins B results in a distri-
é’ g iy bution of the dipolar flip—flop rates, but the SD effects depend
£ E mainly on the most probable rate which can be calculated a:
g (17, 43,
-% 0 ] 20 " 40 2053 2
Lt requency - MHz 0 21 Awl 2 Aa)k

0 1000 2000 3000
Time 21-ns wherecg[m~3] is the concentration of the spins B. Thew,

_ _ _ Is the half-width at half-height. ThAwy is the experimental

FIG. 4. Electron spin echo (ESE) decay at 10 K. The best fit, obtained wwh idth. due to th lved spi ket a -

a single exponential function witfyy = 0.53 us, is shown as the solid line. The Inewidth, due to the unreso Ve_ spln_pac _e S, equaldq =
Fourier transform of the modulation function is shown in the inset. The peaks G = 43.8 MHz, and the dipolar linewidtm\wy/, can be

assigned td*N, *H, and*H-overtones are marked. calculated ag\w;y /> = (o/4m)3.8y2hce = 17.4 MHz. Thus, the
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most probable flip—flop rate is equal W, = 1.1 x 10° s72, a) b)
indicating that the SD is in the fast range for which the ESE
decay rate is AT2(SD) = 2.5 x 10~%cg = 1.65 MHz. This is
very close to the observed value of 1.88 MHz.

Instantaneous diffusion (ID) is due to the second pulse acting
on spins A only. This refocusing pulse reverses spins A and pro-
duces perturbation of the dipolar coupling between on-resonance Ao(t
spins which is a source of the spin-precession phase randomiza-
tion (18). The resulting decay of the ESE is described by the funcFIG. 7.‘ (a) Two spin_ packets resulting from dipolar interaption in atwo-spin
tion V(27) = Vo exp(=2br) with b = Awy ) Sir? (©/2)Ca /Ce, system with splittingAw influenced b_y exchange-type dynamics; (b)_ Resonance

h . . . B enhancement of the phase relaxation ratas a result of a transition from

where® is the magnetization turning angle Whlch is equal 19, 1o fast exchange limit.
27 /3 for Hahn-type ESE. Thus, the phase relaxation rate due to
the ID is equal to 1T2(ID) = b = 0.82 MHz.

The contributions from SD and ID have the same order of mag-
nitude and the effective decay rateT|3(SD+ ID) = 2.47 MHz  homogeneous broadening of the individual spin packets, dete
is slightly larger than the experimental value 1.88 MHz. This ignining its linewidthA Bpacket Thus, an increase with tempera-
however, a relatively good approximation in light of the exture in the amplitude of the molecular motion should produce
perimental error in C# concentration determination and ary continuous spin packet broadening, which is observed as

fast
motions

Phase relaxation rate 1/Ty

Temperature

estimation of the dipolar linewidthw, /5. acceleration of the phase relaxation ratd@l (Fig. 6b).
. For slow molecular motions or high concentration of magnetic
2.2. Temperature Dependence of the Dephasing Rate nuclei, the spin packet width can be determined by the loc:

The dephasing rate can be influenced by temperature adagnetic field fluctuations. In such a case, the motions of th
result of motions of the spin system. The motions can be tAEAtrx molecules can produce an averaging of the local fiel
spin flips due to the spin—lattice relaxation processes as wgfding to spin packet narrowing upon heating. As the resul,
as molecular vibrations of a paramagnetic center or surrourf@tinuous decrease in the phase relaxation rate can be expec
ing matrix molecules. These motions can be related to vibrorfcig- 6b).
dynamics, exchange-type jumps, fast spectral diffusion underAnother resonance-type contribution of the molecular motior
dynamical EPR line narrowing, and vibrations of the centefPPears when spin packets are due to nonresolved superhyp
with anisotropic EPR parameters. As these mechanisms are i structure from dipole—dipole coupled groups of nuclei like
well explained theoretically, we will describe the temperatutd20 or NHs groups. In the case of a two-spin group, two spin
dependence in terms of the spin packet model. packets splitted byAw are expected, as shown in Fig. 7a. If

: : : there exists an exchange-type process or jumps between sta
Spin packet model. SinceAB 1/Tw, an influence of . S .
pin p packetX 1/ Tw of the system characterized by the correlation tigigike reori-

molecular motions oy, can be understood in terms of vari- . X
ntations of molecular groups), then the two spin packets cou

ations of the width of the spin packets giving rise to the inhg%ﬁrge For slow transition rate/{4 < Aw), two separated spin
. . . . . w),
mogeneously broadened EPR line (see Fig. 6a). This width ckets are hidden under the EPR line. When the transition ra

ined from the Fouri f fth functi®it
&)/e(ie;termmed rom the Fourier transform of the decay uncmﬁ]creases, the packets broaden, and fag & A the pack-

Thermal motions of a paramagnetic complex or radicgfs merge into a single broad line. This line continuously nar

molecule having anisotropg-tensor and/or hyperfine splitting rows when 1z, increases. Such a transition from the slow to

A produce time-dependent shiftsg(t) and AA(t). The fre- :Ee fas'ilmotlt(?n lm&'tlfan Ze observed yvhen .thfhtra:nsmonstar
quencies of these motions are about?2a0t st and produce - crmally activated. 1t produces a maximum in the temperatur
dependence of/ITy (Fig. 7b), as was observed for rotating €H

groups in nitroxide moleculegl4) and NH; groups in crystals

a) b) }:2 (45—47).
= center motions The increase in ATy for Zn(L-aspartate)3H,O:Cl2*
g (see Fig. 5) has no resonant character and is due to the
2 } complex motions. The motions can be identified as excitation
ABooketoc 1Ty 8 T etone. to the higher energy level and as the spin-lattice relaxation flip
2 of the spins. They are described by the second and third terr
2 in the following equation, which fit well the experimental data,
Temperature
FIG.6. (a) Single spin packet with width Byacketunder an EPR line influ- 1 A
enced by molecular motions; (b) Temperature variations of the phase relaxation — =5 tw exp(— —) +o—=, [14]
rate 1/ Ty due to a paramagnetic center and matrix molecular motions. Tm Tu kT T
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where ¥ T9 = 1.88x 10° st is the rigid lattice limit dephasing 108
rate discussed in Section 1V.2.1. The fitting parametersiaze .
4.0x10Ps 1 A =243cnr! =174K,a = 0.5, andT; is given by 10°r 1My
the Raman and linear contributions as described in Section I11.2. 181
The best fit is shown by the solid line in Fig. 5, where the three r:
contributions are separately shown. = 10°F
The exponential term describes thermal excitations to the first & he
excited vibronic level of energy. The coefficientw indicates e 1%
that this dephasing mechanism can be understood as a phonon-  ~ 103k
controlled tunneling between two potential wells with tunneling
frequencyw = 400 MHz (see Fig. 8). The dephasing of the 102}
precessional spin motion due to this mechanism has not been ;
considered theoretically in detail, but it was suggest) énd ™20 a0 0 a0 100
observed by us for Ct ions in different crystalsg, 20, 39. Temperature - K

The possible excitations and relaxation back within the same

potential well (Orbach_Aminov-type process) do not operateFIG.9. Comparison of the temperature variations of the spin-lattice relax-
since thenw should be on the order of the vibrational freation and the dephasing rate in the Zagpartate)3H,O:Cl*.

quency 182 s~1. The contribution from spin—lattice relaxation

processes is possible since there is a rapid increase ifthe 1 = . . -
relaxation rate, which becomes comparable to the dephasing ohtained as the Fourier transform of the function describing the

above 40 K (Fig. 9). In that case the effective relaxation rate cgipduiation of the ESE amplitude. The modulated ESE decay a
be expected to be/T,* = 1/Ty + 1/(2T:) = 1.5/T; when 10 K is shown in Fig. 4, where the inset presents the FT-ESE

T, < Tw. In our fittinga = 0.5 in Eq. [14], indicating that the (ESEEM) spectrum. This pseudo-ENDOR-type spectrum con-

dephasing rate is not overdominated by spin—lattice relaxatiots Of many lines frortH nuclei at the Larmor frequenay,
processes. with overtones at@, , as well as the peak froMN. At least one

doublet around the matrix proton frequency (marked by arrow
Motional effects in the ESEEM spectruniThe width of the P q y( y )

; K lcul s, iswellseeninthe proton lines region. This is due to the interac-
spin packet can be calcu ated@pracke[G] = 0.131x 107/ i5ns with protons of the nearest water molecules. Resonance
(g - Tu[s])- In the system studied here, fgy = 2.313 (24),

he width of th ) Kot | d i in the ESEEM spectrum are continuously broadened when the
the width of the spin packet is 0.107 G at 4.2 K an Int'emperatureincreases,andthe hyperfine structure is smeared ¢

c.reaseshFo 8'225 G at 53 Kbas abresultdo_f thﬁ Cu complex M@-ph6ut 50 K. The structures resolved in the ESEEM spectrun
tions. This broadening can be observed in the ESEEM SPeGAn unresolved spin packets of superhyperfine structure in the

EPR spectrum of Zn¢aspartate)3H,0:CL.

V. CONCLUSIONS

™
Q
=4
Q
=z

X-axis

We have shown above that, although?Clcomplexes in
Zn(L-aspartate)3H,O undergo the pseudo-Jahn—Teller effect,
the electron spin—lattice relaxation is not governed by the vi-
bronic dynamics below 50 K. The reason for this seems clear
There is a strong nonequivalence in energy among the three pc
tential wells (distorted configurations of the octahedraf‘Cu
complexes) formed by the Jahn-Teller effect in the adiabatic
812=240 cm-! potential surface. Because of this nonequivalence, the coherel
tunneling between the ground vibronic states of neighbor wells
does not operate, and the complexes are localized in the dee|
est potential well at low temperatures. However, the dominant
. mechanism of the phase relaxation is related to the vibronic dy-
0 120 240 namics and occurs through the phonon-controlled excitations te

Angle - deg the higher energy level of energy = 243(5) cn'. These data,
together with our previously published cw-EPR resu2t§) (al-

FIG. 8. Circular-cross section through the potential energy surface of tr|18W one to draw the vibronic eneray levels scheme in the wells
vibronic Zn(-aspartate)3H,0:Cl#+ complex with vibronic levels determined ay

from EPR and ESE measurements. The wavy lines show the phonon-controfifdthe adiabatic potential Sl.Jrfa(_:e of the CL{ complex inLZn(
tunneling process between the wells. aspartate)3H,0, as shown in Fig. 8. Two vibronic levels are

Energy
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localized inthe deepest potential well, appearing alongdpds 16. W. Hilczer, S. K. Hoffmann, J. Goslar, J. Tritt-Goc, and M. Augustyniak,
of the C#*™ complexes, with splitting\. The value ofA is prac- Electron spin echo studies of spin-lattice and spin—spin relaxation of SeO
. 1 radicals in (NH)3H(SeQ), crystal, Sol. State CommurB5, 585-587
tically the same as the energy, = 240 cm -~ of the ground (1993).
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